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Concentration 
J O H N  C .  W E S T A L L , * , +  J O H N  D .  J O N E S , +  
G A R Y  D .  T U R N E R , + , *  A N D  
J O H N  M .  Z A C H A R A t  
Department of Chemistry, Oregon State University, Corvallis, 
Oregon 97331, and Geosciences Department, Battelle Pacific 
Northwest Laboratories, Richland, Washington 99352 
A discrete log Kspectrum model has been developed 
to  represent the binding of protons and Co(ll) to  
leonardite humic acid (LHA) over a wide variation of 
solution composition: pH 4.5-9.5, [NaC104] 0.01 - 
0.1 M, Tc, 200 nM-500,uM. The model is internally self- 
consistent over the range indicated without an explicit 
electrostatic term. The LHA was represented by 
four acid sites (HLj = H+ + Lj-) wi th a fixed pKa 
spectrum: pKa = 4, 6, 8, and 10. From the acid- 
base titration data, total concentrations of these sites 
and Na+ binding constants (Lj- + Na+ = NaLj) were 
obtained. From Co2+ binding as a function of pH, 
constants for the reaction Lj- + Co2+ = COLj+ were 
obtained. Total concentrations of sites and binding 
constants were similar to  those expected from other 
studies. This discrete log K approach has been 
selected as the easiest way  to  parameterize multidi- 
mensional data (i.e., data with variations in many 
solution chemistry parameters) for subsequent applica- 
t ion in transport models. 
Introduction 
Chemical equilibrium models have long been used for 
modeling speciation of metals in the environment ( I ,  2). 
However, a difficultywith these models is the representation 
of the interaction of metals with heterogeneous environ- 
mental materials, such as humic substances or surfaces of 
environmental solids. In this paper, we address the binding 
of Co(I1) to a humic substance as a function of pH, salt 
concentration, and total Co(I1) concentration. 
Various approaches to modeling proton and metal 
binding to natural organic matter have been proposed, as 
is illustrated in Table 1. Humic substances have been 
represented as a combination of known ligands of similar 
structure and binding constants; hypothetical ligands with 
discrete or continuous distributions of binding constants; 
or one of these ligands with an electrostatic energy term. 
Almost any of these models is satisfactory for representation 
of the data in simple systems with variations in only one 
or two solution chemistryvariables (e.g., proton bindingvs 
pH at fixed salt concentration); however, as the data set 
becomes more complex (e.g., simultaneous representation 
of proton binding and metal binding as a function of pH, 
salt concentration, total metal concentration, and total 
ligand concentration), just developing a model that agrees 
with the data becomes a significant challenge. Moreover, 
for most environmental applications, it is precisely this 
ability to represent variations in solution chemistry that is 
ultimately important. 
In this paper, we describe a systematic approach to 
modeling the interactions of metals with heterogeneous 
environmental sorbents. Our approach is oriented towards 
the multidimensional data sets of the sort described above. 
We use a discrete log K spectrum without explicit repre- 
sentation of electrostatic energy. Specifically, we represent 
the humic acid as an assembly of monoprotic acids, with 
assumed pK, values, the anions of which bind metal ions 
in 1:l complexes. 
The goals for this model are, in order of priority, (i) an 
accurate representation of the experimental data over all 
variations in solution composition; (ii) a “small and orderly” 
set of adjustable parameters; (iii) reasonable ease of use 
with general speciation models; and (iv) insight into the 
physical nature of the interactions. 
The foremost goal is an accurate representation of the 
experimental data. Since the sorbent is heterogeneous, an 
accurate representation of the data is similar, but not 
equivalent, to an accurate representation of the speciation 
in the system. The set of adjustable parameters should be 
small and orderly to allow comparisons to be made among 
humic substances from different origins. We make no 
particular attempt to reduce the number of adjustable 
parameters to a minimum, since this approach generally 
conflicts with the “orderliness” of the parameters that 
facilitates comparison. 
We have not included an explicit representation of 
electrostatic energy in th is model. Rather, the electrostatic 
* To whom correspondence should be addressed e-mail address: 
westallj@ccmail.orst.edu; FAX: 503-737-2062). 
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TABLE 1 
Representation of Proton- and Metal-Binding Properties of Humic Substancesa 
reference 
Morel et al. (3) 
Stumm and Brauner ( 4 )  
Sposito et al. (5)  
Mattigod and Sposito (6) 
Sposito et al. (7)  
Eberle and Feuerstein (8) 
Westall (9) 
teuenberger and Schindler (70) 
Dzombak et al. ( 7 7) 
Fish et al. (72) 
Brassard et al. (73) 
Cabaniss and Schuman ( 7 4 )  
Cabaniss and Schuman ( 1 5 )  
Perdue and Lytle ( 767 
Perdue and Lytle ( 1 7 1  
Dobbs et al. (78) 
Susetyo et al. ( 19) 
Grimm et al. (20) 
De Wit  et al. (27) 
Nederlof et al. (22) 
Tipping and Hurley (23) 
Tipping (24) 
Bartschat et al. (25) 
model 
organic acids of similar structure 
organic acids of similar structure 
discrete p lcs  
organic acids of similar structure 
discrete p lcs  
discrete plcs A p K =  0.5 
discrete p lcs  
discrete-continuous spectra 
discrete and continuous spectra 
discrete and continuous spectra 
discrete spectrum, variable ApK 
discrete, Gaussian, electrostatic; 
discrete 
Gaussian 
Gaussian 
discrete 5-site 
Gaussian 
Gaussian 
Gaussian 
continuous, electrostatics 
continuous, electrostatics 
discrete plcs, eletrostatics 
discrete plcs, electrostatics 
discrete plcs, electrostatics 
data 
compute metal speciation, no f i t  t o  data 
compute metal speciation, no fit to  data 
proton binding at fixed salt, DOC 
compute metal speciation, no  f i t  to  data 
fixed pH, salt, DOC 
proton binding, fixed salt, DOC 
proton binding, fixed salt, DOC 
variable ApK, proton binding, fixed salt, DOC 
theory only 
Cu(ll) binding at constant pH, fixed salt 
fixed salt, fixed DOC 
Cu(ll) binding, variable pH, Cu(ll), DOC, salt 
Cu(ll) binding at variable pH, Cu(ll), DOC 
metal binding at fixed pH, salt, DOC; proton binding at 
metal binding to  ligands of similar structure at fixed pH, 
metal binding at fixed pH, no salt, fixed DOC 
metal binding at variable pH, salt, DOC 
Cu(ll) binding at variable pH, no salt, constant Cu(ll) 
proton binding at variable salt 
proton binding at variable salt 
metal binding at variable pH, salt 
metal binding at variable pH, salt 
Cu(ll) binding at variable pH, salt 
fixed salt, DOC 
salt, DOC 
a Several studies have been selected to illustrate the evolution of these models. This review is not comprehensive and the brief descriptions do 
not include all aspects of the papers cited. 
energy is included implicitly in the counterion binding 
constants. There are several reasons for this choice. While 
it is of course possible to include an explicit description of 
electrostatic energy in the model, it does make the model 
more difficult to use. Even if we did include an explicit 
model for electrostatics, we doubt that it would be 
significantly more correct than the model we have chosen. 
The heterogeneity of the humic substance and the uncer- 
tainty associated with its size, geometry, penetrability by 
co- and counterions, etc. make it difficult to believe that 
the electrostatic model is an accurate physical description 
of the interface. While the study of the macromolecular 
properties of humic substances is an important research 
area in its own right, we believe that it is counterproductive 
to impose a highly microscopic model for the sort of 
problem for which our model is intended (ion binding data 
over a wide range of solution conditions). 
There are certainly precedents for the use of semiem- 
pirical models for complex systems, while mechanistic 
models are preferred for simpler systems. Consider the 
calculation of activity coefficients as a function of ionic 
strength. In simple, weakly interacting, dilute solutions, 
the Debye-Hueckel equation, which was developed from 
first principles, is satisfactory to represent ion-atmosphere 
effects. In more concentrated solutions, a semiempirical 
equation such as Davies’ can be used with success, while 
in concentrated solutions, an empirical treatment such as 
Pitzer’s must be used (26). Another example is the 
progression from the ideal gas equation, to the van der 
Waals equation, to the virial equation of state for a gas. 
Thus, for humic substances, we do not dispute the existence 
of electrostatic interactions or the value of microscopic 
models in very well-characterized systems, but we do feel 
that semiempirical models are a viable if not preferred 
alternative for many applications. 
In this study, we develop a discrete 1ogKspectrummodel 
without electrostatic term to represent three types of 
experimental data obtained at two different concentrations 
of salt: (i) acid-base titration of a humic acid; (ii) association 
of Co(I1) with the humic acid as a function of pH; and (iii) 
association of Co(I1) with the humic acid as a function of 
total Co(I1). 
Methods 
Materials. Leonardite humic acid (LHA) was obtained from 
the International Humic Substances Society (IHSS). The 
elemental composition of this material is reported by the 
IHSSas64.1%C,3.51%H,29.82%0,1.43%N,0.78%S,and 
0.30% P by weight, on an ash-free and moisture-free basis. 
The ash content is 2.38% by weight. The humic acid was 
converted to the fully protonated form by passage through 
a mixed bed ion exchanger. 
Reagents were HC1o4 (Baker ULTREX), NaOH (Baker 
COz-free Dilut-it ampules), and NaC104.H20 (EM-Science). 
HC104 was standardized against Fisher primary standard 
tris(hydroxymethy1) aminomethane, NaOH was standard- 
ized against Aldrich primary standard potassium hydrogen 
phthalate, and the concentration of Na+ in the NaC10, stock 
solution was determined by ICP-OES. 
Apparatus. Titrations were performed with a Mettler 
DL-40 programmable titrator. A Beckman Model 39423 
saturated calomel reference electrode (SCE) with ceramic 
frit and a Beckman Model 39321 glass electrode were used 
in the cell: 
SCE(NaCI0, (x MI, agarlNaC10, (x MI, 
LHAlglass electrode 
and the electrodes were calibrated for hydrogen ion activity 
(pH = -log UH) with NIST buffers. The cell was thermo- 
952 ENVIRONMENTAL SCIENCE &TECHNOLOGY / VOL. 29, NO. 4,1995 
stated at 25.0 & 0.2 "C, and all operations (transfers, dialysis, 
and titrations) were carried out in a Nz-filled glovebox. 
Acid-Base Titrations. The first step of the procedure 
was to pretreat the LHA to establish reproducible starting 
conditions and to remove any LHA that passes readily 
through the dialysis membrane-this fraction could con- 
found the subsequent Co(I1) distribution experiments. LHA 
was added to 0,001 M NaC104 to make a solution of 
approximately 2000 mg of LHAlL (e1300 mg of CIL) and 
pH values in the range 3.7-3.8. This solution was adjusted 
to pH ~ 7 . 2  to facilitate dissolution of the LHA and 
maintained at this value for 1 week. This LHA solution was 
then transferred to dialysis tubing (Spectrum SpectralPor, 
3500 molecular weight cutoff) and dialyzed for 1 week 
against 0.001 M NaC104, with daily replacement of NaC104. 
The dissolved organic carbon (DOC) concentration deter- 
mined for this dialyzed LHA solution was 861 mg of C/L; 
the change in organic carbon concentration during dialysis 
is due primarily to dilution. 
The titration procedure consisted of three cycles in pH, 
each at a different NaC104 concentration. An aliquot of 
the dialyzed stock solution of LHAwas added to the titration 
vessel, and the concentrations of LHA and NaC104 were 
adjusted. The final concentration of LHA in the titration 
vessel was 41.2 mg of ClL. The solution was then titrated 
from the initial pH x 7  to pH ~4 to pH x10 and back to pH 
~ 7 ,  with HC104 or NaOH; the operational definition of 
equilibrium for these titrations was drift of the potential of 
the glass-electrode cell less than 10 pVls. The NaC104 
concentration was then adjusted, and the titration cycle 
was repeated. Thus, the data available from these experi- 
ments are solution pH over the range pH x4-10 and 
corresponding total concentrations of strong acid and 
strong base added, at three NaC104 concentrations: 1.4, 
10, and 94 mM (nominally 1, 10, and 100 mM). For 
determination of the acidity constants of LHA, only the 
data at the two higher ionic strengths between pH 4.5 and 
9.5 were used. The data for the lowest concentration of 
NaC104 were not used because of uncertainty in the pH 
measurements. These experiments were performed in two 
different laboratories by two different people, and the results 
were indistinguishable; only one set of data is discussed. 
Additional experiments were conducted to investigate 
the effect of DOC concentration and hysteresis in the 
titration cycles, but the results are not discussed in detail 
here. In summary, effects are detectable, but not large 
enough to affect the general conclusions presented here. 
Association of Co(I1) with LHA. Methods and data are 
described in detail by Zachara et al. (27). Solutions of LHA 
in 0.1 or 0.01 M NaC104 were added to Spectrum Spectral 
Por 1000 molecular weight cutoff dialysis tubing immersed 
in 0.1 or 0.01 M NaC104 solution. 57C0(II) was added to the 
external solution. After a 4-day equilibration period, the 
DOC concentration and total concentration of Co(I1) were 
determined inside and outside the dialysis tubing. The 
average concentration of LHA inside the tubing was 50 mg 
of C/L. The data available from these experiments are Co- 
(11) concentrations inside and outside the dialysis tubing 
under two sets of conditions: (i) varying pH, at ap- 
proximately constant total Co(I1) concentration (1-3 x 
MI at 0.1 and 0.01 M NaC104, and (ii) varying total Co(I1) 
concentration (200 nM-500 ,uM) at constant pH x6.7 at 
0.1 and 0.01 M NaC104. The concentration of Co(I1) outside 
the tubing was assumed to be identical to the free aqueous 
CoZc, since complexation by OH- at the pH range of these 
experiments is negligible. 
Results 
Model for Acid-Base Chemistry of LHA. The model for 
the acid-base chemistryof a humic substance should relate 
the observed hydrogen ion activity (pH) to the amount of 
strong acid or base added to the system. This relation can 
be defined by the proton balance equation (28): 
where Tifalc (mollL) is the total concentration of component 
H+ calculated from the concentrations of species in solution, 
[XI represents the concentration of species X (mollL), and 
the summation is taken over all types of acidic functional 
groups i, each of which is said to react according to 
and to be constrained by the material balance condition 
Implicit in the formulation of eq 1 is the understanding 
that the species HLi is the defacto reference state for the 
ligand with respect to proton balance, that is, if only pure 
HL is added to a pure strong electrolyte solution, TH = 0 
for that solution. 
Whereas TddC is ultimately determined from the mea- 
sured pH and the model for solution speciation, the direct 
experimental value (TH~~P)  is determined from the total 
analytical concentrations (mollL) of strong acids and bases 
added to the solution: 
where Ca and c b  represent the total concentrations of strong 
acid and base added to the system during the course of 
titration (and ATH = Ca - c b ) ,  and THO (mol/L) represents 
the concentration of strong acid or strong base initially 
present (to be discussed below). 
Development of the model amounts to determining 
values of Ka(Z3, 'KNa(Z3, and THL(O that relate experimentally 
determinedvalues ofpH and T H ~ ~  to T H ~ ~ ~ ,  at severalvalues 
of [NaC104]. 
Problem of THO. Although this problem statement 
appears to be straightforward, a fundamental problem exists 
in direct experimental determination of T H ~ ~  in eq 5. 
Although AT" = Ca - c b  can be determined quite precisely, 
it is difficult to establish with certainty the value of THO. 
Thus, the issue is to determine the unknown initial value 
THO to which the preciselyknown increments AT, are added. 
Two sources of uncertainty in THO are considered (although 
ultimately neither was found to be particularly significant). 
One potential source of uncertainty in the value of THO 
arises from the dialysis pretreatment. The LHA was 
pretreated by dialysis at pH ~ 7 . 2  in order to promote 
complete dissolution of the LHA and to eliminate the LHA 
fraction that passes readilythrough the dialysis membrane. 
While this dialysis pretreatment does solve one set of 
problems, it can create another: the removal and replace- 
ment of solutions during dialysis treatment can alter the 
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acid-base balance of the system (if the solutions removed 
and replaced are not effectivelyidentical in TH). In principle, 
one could determine the acid-base balance of all of the 
solutions transferred in and out of the cell during dialysis, 
but such extensive analysis is impractical. 
Another potential source of uncertainty in THO, which is 
common to all work with humic acids, is the initial 
conversion to the fully protonated form and isolation with 
neither excess acid nor excess base. The IHSS reports that 
humic substances are passed through a mixed bed ion 
exchanger in an effort to convert them completely to the 
hydrogen form (Le., THO = 0 in eq 5 ) .  Our results, which 
are discussed below, seem to substantiate the validity of 
this approach. In principle, one could check for complete- 
ness of conversion by analysis of the LHA for free strong 
acid anions and strong base cations, but the precision of 
this analysis is not always sufficient to allow the issue to 
be resolved. 
Thus, we are led to determine the value of THO experi- 
mentally. We treat THO (i.e., the initial value of T H ~ ~ P ,  after 
the dialysis but before the first increment of ATH) as an 
adjustable parameter. Then   THO^ (absolute value) is the 
total concentration of base consumed by the LHA during 
dissolution and adjustment of the solution to pH x7.2 in 
the el mM NaC104 solution. 
Alternatives for Determination of THO. Two alterna- 
tive methods for estimation of THO were considered: (i) 
before titration of the humic substance, adjust the pH of 
the solution to a predetermined moderately low pH value 
(e.g., pH 41, at which point it is assumed that THO = 0.0, in 
which case eq 1 reduces to 
or (ii) adjust the pH of the solution to a predetermined low 
value, (e.g., pH 31, at which it is assumed that [Li-l, [NaLil, 
and [OH-] contribute negligibly to eq 1, and set 
THO = [H'] (7) 
Neither of these methods was deemed as satisfactory as 
the one we used: the pH at which the condition of eq 6 
appeared to be true was pH ~3.7-3.8, not pH = 4; eq 7 is 
of course valid in the limit of high [H'], but at high [H+], 
considerable imprecision is introduced into TH. 
Development of the Model. The experimental data for 
the acid-base titration of the dialyzed LHA in 0.01 and 0.1 
M NaC104 are shown in Figure 1. The model was developed 
from eqs 1-5, with four acid sites HLi. In principle, this 
model for LHA could involve 13 adjustable parameters-four 
T H L ( z 3 ,  four Ka(z], four *KNa(z7, and THO. Consistent with the 
discrete pK spectrum approach, we set the values of the 
four pK,(z1 to 4, 6 ,8, and 10 to cover the pH range of the 
data (pKa range brackets pH range) with ApKa = 2. 
Experience has shown that this approach is generally 
satisfactory. Activity coefficients for all ionic species 
(including Li-) were calculated from the Davies equation 
(29, 30). 
Determination of Adjustable Parameter Values. The 
values of the adjustable parameters were determined with 
the nonlinear least squares optimization procedure FITEQL 
(29, 301, which in this case amounts to the following 
procedure. The difference function Y is defined as 
- 4  
-6 r 
\ 
I 
0 
ISI 
0 - -8 
-10 
o 0.01 M NaCIO, 
-400 -300 -200 
T, / PM 
FIGURE 1. Acid-base titrations of LHA in 0.01 and 0.1 M NaC104, 
with initial LHA concentration of 41.2 mg of CA. Experimental values 
of hydrogen ion activity (log m = -pH) are plotted against 
experimental and calculated values of TH ( W X P  in eq 5, and TnCaIc 
in eq 1, respectively). Modeled with four-discrate-site pK, spec- 
trum: p& = 4,6,8, and 10 with one constant for the exchange of 
sodiumfor hydrogen; constants listed in Table2. The model is defined 
in Tables 3 and 4. 
where T H ~ ~ ~ ~  is calculated from the experimentally deter- 
mined value of pH and the speciation model through eq 
1, and T H ~ ~ P  is the experimental value from eq 5 .  The 
estimated standard deviation in Y, SY, is calculated from 
the propagation of experimental error: 
where STH is the estimated uncertainty in TH~'P and S ~ H  is 
the estimated uncertainty in pH. The values of s were 
estimated from STH = 0.01 T H ~ ~ P  + 1.0 x (M) and s P ~  
= 0.02303. 
Finally, the function Z( Pls?) is minimized with respect 
to the adjustable parameters, subject to the material balance 
constraints for LHA and NaC104, with the summation taken 
over all experimental data points. More details of the 
parameter optimization procedure are presented in the 
Appendix. 
Values for the nine adjustable parameters in this model 
were determined from the data in Figure 1 with FITEQL 
(30). We observed that the values determined for the four 
*KN~(z] were approximately equal; furthermore, because the 
shift of the curves with sodium concentration is relatively 
independent of pH, we felt that a single constant for sodium 
exchange could replace the four individual constants. Thus, 
the association of Na' with LHA (eq 3) was re-expressed 
by the reaction 
Lj- + Na+ = NaL, KNa (10) 
and one value of KNa was used for all four of the HLi groups. 
Hence, the six adjustable parameters that remained in the 
final model for proton binding were the four values of 
The values of the adjustable parameters are listed in 
Table 2; the total concentrations (THL(z~, mol/L) have been 
T H L ( ~ ,  THO, and &a. 
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Taw 2 
Values of Parameters in Modelsa 
log log log &L(dc (mmoVg (mmol/g 
site &( f ib  KN~’ Kh(dc (mmol/L)d of CIo of LHA)‘ 
1 -4.000 1.71 0.190 4.6 2.9 
2 -6.000 1.71 5.38 0.088 2.1 1.3 
3 -8.000 1.71 6.38 0.058 1.4 0.9 
4 -10.000 1.71 0.079 1.9 1.2 
a Values of other parameters in models: H20 = H+ + OH-, log K, = 
-14.000; THO = -6.26 mmol/gc (or THO = -273pM); activitycoefficients 
for all ions calculated from the Davies (30) equation. Fixed values. 
CAdjusted values; values of THL(I), THO, and log K N ~  determined from 
data in Figure 1 and model as set up in Tables 3 and 4; values of Kc,(I) 
determined from data in Figure 2 and model as set up in Tables 5 and 
6. For 41.2 mg of C/L. e Based on T+(fi determined with FITEQL at 
41.2 mg of C/L. Based on 0.641 g of C/g of LHA. 
re-expressed as ? H L ( Z ~ ,  mollg of C, based on the analyti- 
callydeterminedvalue of DOC (41.2 mg ofC/L). Thevalue 
of the weighted sum of squares divided by degrees of 
freedom was about 0.2, indicating that the error in the model 
is of the same order of magnitude as the estimated error 
in the experimental data (30). The titration curves calcu- 
lated from the model with parameters from Table 2 are 
represented by the lines in Figure 1. The agreement 
between the experimental data and the calculations is quite 
satisfactory. This model was used as a starting point to 
describe the interaction of Co(I1) with LHA. 
Determination of THO. It should be noted that there 
was considerable covariance between the values of THO and 
T H L ( ~ )  in the parameter adjustment procedure. This 
covariance is due primarily to the fact that the “spectral 
window” was wider than the data window (i.e., the lowest 
value in the discrete p& spectrum was pK, = 4, while the 
lowest pH datum was pH ~ 4 . 8 ) .  Thus, it is somewhat 
difficult to distinguish a pK, = 4 group from a strong acid 
group with the data available. This difficulty leads to the 
covariance between THL(~)  and THO. Hence, the value of 
THL(~)  in Table 2 could be less positive and the value of THO 
in Table 2 could be less negative, with no sign&cant change 
in the fit of the model to the data. This covariance is greatly 
reduced when the spectral window corresponds more 
closely with the data window (i.e., if the data would begin 
at pH x 4.0 instead of pH ~ 4 . 8 ) .  
In an effort to substantiate our approach to the deter- 
mination of THO, a batch of LHA was prepared by dissolution 
and adjustment to pH 7, without dialysis. Since there was 
no dialysis step, the amount of base added could be 
measured and was determined to be 224.3 pM (for 50 mg 
of C/L). A portion of this stock solution was then diluted 
and titrated in 0.0100 and 0.100 M NaC104. The data were 
modeled as described above, except in this case the data 
window corresponded precisely with the spectral window, 
and the absolute value that was returned for THO was 227.4 
pM. The excellent agreement between these two values 
(224.3 vs 227.4pM) supports our approach to determination 
Model for Interaction of Co(I1) with LHA. Data are 
available for two sets of conditions: (i) continuouslyvarying 
pH at constant total Co(I1) concentration and two con- 
centrations of NaC104, as shown in Figure 2, and (ii) 
continuously varying concentrations of Co(I1) at constant 
pH and two concentrations of NaC104, as shown in Figure 
3. 
of THO. 
400 I I 1 1 
o 0.01 M NaCIO4 
A 0.1 M NaC104 
Model - 300 - 
lo 
0 
-I 200 
\ 
xu 
100 
0 
-7 -6 -5 
log aH / 
FIGURE 2. & (distribution ratio) of Coz+ between LHA and water as 
a function of pH and NaCIO, concentration. LHA concentration was 
approximately 50 mg of CA isolated in dialysis tubing. Total Co(ll) 
concentration in the dialysis tubing was in the range 1-3 pM. 
Modeled with the four-discrete-site spectrum model; constants listed 
in Table 2. Model is defined in Tables 5 and 6. Symbols represent 
experimental data; lines were calculated from model. Data from 
Zachara et al. (27). 
-3 
I 
\ 
+- -4 
1- 
0 
0 
n 
U 
-5 + 
+” 
0 -6 
N 
0 
U 
W 
0 
0 - 
-7 
I I I I I 1 
o 0.01 M NaC104 
A 0.1 M 
Model - 
0 .B @ A  % 
-9 -8 -7 -6 -5 -4 -3 
log [Co2+] / M 
FIGURE 3. Coz+ binding to LHA at constant pH ~ 6 . 7  at two NaCIO4 
concentrations. LHA concentration was about 50 mg of CA isolated 
in dialysis tubing, and total Co(ll) concentration was between 200 
n M  and 500 pM in the tubing. Modeled with the four-discrete-site 
spectrum model; constants listed in Table 2. Model is defined in 
Tables 5 and 6. Symbols represent experimental data; lines were 
calculated from model. Data from Zachara et al. (27). 
The data in Figure 2 are presented as the distribution 
ratio as a function of pH. The distribution ratio, Kd, which 
varies with solution composition, is defined by 
Kd = ~[CoL,I/({DOC}[Co2+l~ L/g of C (11) 
where Z[CoLi] is the concentration of Co(I1) bound to LHA 
(mollL), {DOC) is the concentration of LHA (g of CIL), and 
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[Co2’l is the concentration of free Co2+ (mol/L). Kd has the 
units liter per gram of carbon. 
The association of Co2+ with LHA can be expressed by 
the reaction 
(12) 
where L,- are the same functional groups that were 
discussed in the acid-base model. Thus, the model for 
the Co-LHA interaction is the acid-base model for LHA 
with four additional reactions for the formation of CoL,+. 
(The values of THL(Z? for the Co-LHA model are of course 
scaled to correspond to the LHA concentrations of the Co- 
LHA experiments.) Hydrolysis reactions of Co2+ (e.g., Co2+ 
+ H20 = Co(OH)+ + H+) were insignificant under the 
conditions of this study. 
Values of log Kc,(z? were determined from the pH- 
dependent data in Figure 2. Values of log Kc,(z? that were 
determined are listed in Table 2; negligible binding of Co- 
(11) to the pKa 4 and 10 sites was found. Details of the 
parameter adjustment procedure are discussed in the 
Appendix. The values of & calculated from the model are 
shown as the lines in Figure 2. As seen in the figure, overall 
agreement is good. 
The model, as derived from the data in Figures 1 and 2 
and specified by the parameter values in Table 2, was then 
applied to the hed-pH, varying- Tc, data in Figure 3 without 
further adjustment. The calculated distributions of Co(I1) 
are represented by the lines in Figure 3. The agreement 
between the model and the data was good, particularly 
considering the fact that the values of the constants Kc,(z? 
were determined from data with Tc, el pM (Figure 21, and 
the range of Tc, in Figure 3 is between 200 nM and 500pM. 
Thus, the model represents the data reasonably well outside 
the range of calibration. At the highest concentrations of 
Co(II), virtually all of the Lz and L3 (pKa’s 6 and 8) humate 
sites are occupied by Co(II), implying that the values of THL 
determined from proton binding are applicable to Co(I1) 
binding as well. For a metal such as Cu(II), which binds 
more strongly to organic matter, one might not expect such 
agreement. 
Agreement in Figure 3 was best at Co(I1) concentrations 
equal to those in the experiment from which the adjustable 
parameters were determined, about 1 pM (Figure 2). The 
model did not capture all of the intricacies of the data at 
higher Co(I1) concentrations; in particular, the data point 
at highest Co(I1) concentration seems to suggest an upward 
turn in the binding curve, which cannot be represented by 
the Langmuir-based model. Also, the model underesti- 
mates the binding of Co(I1) by about 0.3 log unit (factor 2) 
at low Co(I1) concentrations. Still, the overall agreement 
is remarkable considering the extent of the extrapolation. 
Discussion 
We have represented the acid-base titration of a humic 
acid, at two salt concentrations, with a discrete log K 
spectrum model. While we recognize that humic acids are 
more complex than the simple model seems to imply, we 
maintain that this simple model is as “physically correct” 
as many of the more complex models, in view of the 
uncertainties about the physical properties of the humic 
acid (e.g., size, shape, co- and counterion penetrability, 
etc.). 
We have used a value of ApK, = 2 in the pKa spectrum. 
Experience has shown that avalue of Ap& = 1 or 2 is usually 
an optimum between small values of ApKthat favor ability 
to represent the data and large values of ApK that favor a 
small and orderly set of adjustable parameters. We have 
based the model on different spectra (e.g., ApK, = 1 or pKa 
= 3.5,5.5, ..., etc.) and found similar fits of the model to the 
data and similar (but different) total concentrations in the 
spectra. Thus, there is considerable freedom in the way 
that the spectrum is selected. 
We can associate the values of pKa in the model with 
known functional groups as a check on the physical 
plausibility of the model; however, we do not advocate that 
this comparison be viewed as a method for determining 
the structure of the humic acid. The pKa values 4 and 6 
(HL1 and HLd correspond approximately to those of 
carboxylic acids, ap&value of 8 (H4) corresponds to amino 
acids, and a PKa value of 10 (HL) corresponds to phenols. 
To facilitate comparison to values reported for other humic 
substances, we convert the values of ~ H L  in Table 2 into 
units of millimoles per gram of LHA, using the reported 
composition of LHA (0.641 g of C/g of LHA) as the 
conversion factor. If HL1 and HLz represent the carboxylic 
acid fraction of LHA, we obtain 4.2 mmol/g of LHA. This 
value is close to values published for other humic sub- 
stances: Perdue et al. (31) report 4.4-6.3 mmol/g for the 
carboxylic acid content of Satilla River humic substance 
(SRHS); Malcolm and MacCarthy (32) give 4.6 mmollg for 
Sanhedron A1 soil humic acid (SSHA). Similarly, if HL4 
represents the phenol fraction of LHA, we calculate 1.2 
mmol/g of LHA, which is close to the published value of 
1.7 mmollg for SSHA (32). HL3, the “amino acid” contri- 
bution in the model, gives 0.9 mmol/g of LHA, possibly a 
little high for this type of group but not unreasonable 
compared to Thurman’s (33) values of 0.478-0.707 mmollg 
for soil humic acids. The “total acidity” found in the LHA, 
the sum of HLi, is 6.5 mmollg of LHA, comparable to other 
humic substances, e.g., 5.0 mmollg for SRHS (31). The 
value determined for THO, 273 pM for 41.2 mg of CIL, is 
consistent with the initial pH value of the LHA suspension 
of about 3.8. 
The value of log K N ~  = 1.71 indicates that the depro- 
tonated humic acid sites (Li-) are predominately sodium 
bound at 0.1 M Na+ concentration in solution and 
predominately free at 0.01 M Na- concentration. Thus, 
the effects of Na+ concentration are incorporated in the 
model. Bonn and Fish (34) have recently studied the 
association of alkali metal cations with humic substances 
by a dilution method at pH 1 and a dialysis method without 
a large excess of Na+ over L-. However, since the 
experimental conditions of their study were so different 
from ours, their findings cannot be used to confirm or to 
contest the findings of this study. 
For binding of Co(I1) to LHA, the values of log Kc,(z? 
(Table 2) are in the range of log ICs determined for the 1:l 
complexes (ML) of Co(I1) with salicylate (6.72 at 20 “C, I = 
0.15 M for L2-), citrate (5.00 at 20 “C, I = 0.1 M for L3-) (3.9, 
and L-histidine (6.90 at 25 “C, I = 0.1 M for L-) (36). Such 
comparisons are often not as straightforward as they might 
appear because of the pH-dependent protonation of the 
ligand, but these values indicate that the model is generally 
consistent with types of molecules that one might expect 
to find in LHA. Generally, complexation of metals by 
polyprotic acid anions (such as LHA) is stronger than that 
by the corresponding monoprotic acid anions, as a com- 
parison of Co(I1)-LHA constants with stability constants 
for cobalt-acetate (log K = 1.1 at 25 “C, I = 0.16 M for L-) 
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(ref 35, p 5) or cobalt-benzoate (log K = 0.55 at 30 "C, I = 
0.4 for L-) (ref 35, p 16) would indicate. Higgo et al. (37) 
have recently reported on the binding of Co(I1) by humic 
substances; their results are qualitatively comparable to 
those reported here, when one considers the variation in 
the experimental conditions and the humic substances 
themselves. 
There is room for improvement for the fit in Figure 3, 
and one might expect improvement with the addition of 
an electrostatic component to the model. However, 
formulation of an electrostatic model would require 
information on size, shape, and charge distribution on the 
LHA. This information is not available for LHA, and addition 
of electrostatic parameters to the current model without 
this information would amount to just another set of 
empirical adjustable parameters. In a detailed analysis of 
humic acid structure, Bartschat et al. (25) have concluded 
that size heterogeneity is significant in explaining the 
observation that salt concentration has a relatively strong 
effect on metal binding but aweakeffect on proton binding. 
Tipping and Hurley (23) have devised an empirical elec- 
trostatic relationship to account for ionic strength effects 
and the influence of charging of the humate molecule on 
metal binding. We feel that the simple multisite model 
with Na+ binding represents the data adequately. 
Summary 
In this work, a discrete 1ogKspectnun model was developed 
to describe proton and metal binding by leonardite humic 
acid (LHA). By fixing a set of log &(z3 corresponding to the 
pH range of acid-base titrations and adjusting for THL(a 
and a common sodium exchange constant for each site, we 
could describe acid-base titrations well without the 
addition of largely empirical electrostatic parameters. The 
model of LHAwas extended to model the Co(I1) interaction 
with LHA as a function of pH and a cobalt concentration 
of el pM. With only two active binding sites for Co(II), the 
model accounted well for the large effect of ionic strength 
on the Co-LHA interaction and correctly reproduced the 
distribution of bound and free cobalt between pH ~ 4 . 5  
and pH x7. The model was extrapolated to describe the 
isotherm of Co-LHA interaction from approximately 200 
nM to 500pM Co(I1) at pH ~ 6 . 7 .  The discrete 1ogKspectrum 
model did a reasonable job of predicting the shape of the 
isotherm. Such good agreement between model and data 
supports the strategy employed here. 
For practical environmental applications, models for 
complexation of metals by humic substances should have 
the following characteristics: (i) the ability to represent 
multidimensional data; (ii) easy coupling to general spe- 
ciation models; and (iii) relative freedom from arcane 
adjustable parameters or parameters which require highly 
specialized techniques for determination. Furthermore, 
for actual application to environmental problems, it would 
be very helpful to develop and maintain a consistent 
approach to solving the problem. The model presented 
here is an attempt to address these issues. 
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TABLE 3 
FlTEQL Stoichimetry Matrix for Acid-Base 
Chemistv 
name log K H 4  H4 Na* H+ 9 K N ~  
HLi 
H L2 
Na+ 
H+ 
L1- 
L2- 
NaLl 
NaL2 
OH- 
0.000 
0.000 
0.000 
0.000 
-4.000 
-6.000 
-4.000 
-6.000 
- 14.00 
1 0 0  0 0 0  
0 1 0  0 0 0  
0 0 1  0 0 0  
0 0 0  1 0 0  
1 0  0 - 1 - 2 0  
0 1 0  - 1 - 2 0  
1 0 1 - 1 0 1  
0 1  1 - 1 0 1  
0 0 0 - 1 - 2 0  
a For simplicity, LHA has been represented here by two acid groups; 
in the actual model, four acid groups were used (plcs = 4,6,8, and 10). 
Used to incorporate activity coefficient in mass action equations; the 
value log y is the loglo of the activity coefficient for a singly charged 
ion. See ref 30 for details. 
76RLO 1830 and represents a contribution of the Co- 
Contaminant Chemistry Subprogram. 
Appendix 
Application of FITEQL.. FITEQL (9,29,30) is a nonlinear 
least squares optimization procedure developed especially 
for the determination of adjustable parameters in chemical 
equilibrium models. It has been applied extensively to 
geochemical problems. FITEQLis based on the mass action 
and material balance equations of chemical equilibrium. 
In this study, we have used this mathematical framework 
to introduce constraints into the problem that are math- 
ematically correct but are not consistent with a strict 
chemical interpretation of these mass action and mass 
balance equations. In this appendix, we outline these 
procedures briefly; a full detailed explanation is beyond 
the scope of this paper. Additional background material 
is available in the references cited above. 
Mass Action and Material Balance. FITEQL is based 
on the chemical equilibrium equations for mass action 
log ci = log 4 + x u i j  log 3 
i 
(All 
where Ci is the concentration of species i, K is the stability 
constant of species i, the summation is taken over all 
components j ,  uij is the mass action stoichiometric coef- 
ficient of component j in species i, and 3 is the free 
concentration of component j (activity coefficients are 
entered separately, as described later), and material balance 
where k;. is the difference function, the summation is taken 
over all species i, bij is the material balance stoichiometric 
coefficient of component j in species i (usually identical to 
aij), and is the total (analytical) concentration of 
component j .  
Acid-Base Model-Activity Coefficients and ha. To 
formulate a problem for FITEQL, one selects a set of 
components and then writes the stoichiometry A matrix 
(or tableau (28)) representing the formation of every species 
from the set of components. For the acid-base model, 
this matrix is shown in Table 3 (with only two of the four 
sites shown for simplicity). 
Components are sorted into three formal categories, as 
shown in the first column of Table 4 for the acid-base 
model: type I are those for which only total concentration 
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TABLE 4 
Summary of ATEQL k d e l  for MA Acid-Base 
Chemistry (Figure l)a 
components adjustable 
ID type parameters serial data 
H L i  I THL( 1) TN a 
H Lz I THL(~ )  TH 
H L3 I THL(~ )  log CHb 
H L4 I T H L ( ~ )  log v“ 
Na I THO dilution factor 
H II log h a  
Y 111 
KN a 111 
a Parameters values are reported in Table 2, and the stoichiometry 
matrix is in Table 3. bLog free concentration of hydrogen ion, 
determined from measured pH via the Davies equation (30). CUsed to 
incorporate activity coefficient in mass action equations; the value log 
yis the loglo of the activity coefficient for a singly charged ion. See ref 
30 for details. 
is known or to be determined (HLi and Na+); type I1 are 
those for which both total concentration and free concen- 
tration are known (H+); and type I11 are those for which 
only “free concentration” is known or is to be determined. 
The type I11 components for the acid-base model, y 
and K N ~ ,  are not true chemical components, but they fit 
into the mathematical formulation of the problem given in 
eqs A1 and A2. Component y is actually the activity 
coefficient for a monovalent species at the prevailing ionic 
strength and part of the mathematical formalism through 
which ionic strength and activity coefficient calculations 
are made in FITEQL (30). The values of activity coefficients 
were calculated with the Davies equation (30). By treating 
K N ~  as a type I11 component, we can obtain a single value 
for K N ~  that applies simultaneously for all four acid groups. 
In Table 4, we summarize the specification of the 
model: all components, the list of all adjustable parameters 
in the model, and the experimental quantities for which 
series of data are available over the course of the titration 
or serial data. 
Co(I1) Binding Model-Objective Function and Kc,,. 
The FITEQL stoichiometry matrix for the Co-LHA interac- 
tion is illustrated in Table 5 (with only two of the four sites 
shown for simplicity). In the model, -components HLi and 
Na’ are type I, component Co2+ (where the overbar 
designates material balance for species inside the dialysis 
tubing with the LHA) is type 11, and components Co2+, H’, 
y, KNa, and Kco(z7 are type 111, as shown in the first column 
ofTable 6. Two unconventional features of FITEQL warrant 
further explanation. 
The key to this optimization problem is the use of 
- CO” as a type I1 “dummy” component. The value of 
T,, is the total concentration of Co(I1) determined for the 
solution inside the dialysis tubing. FITEQL’s optimization 
procedure is based on adjusting parameters to minimize 
the weighted difference between experimental and calcu- 
lated total concentrations of type I1 components. In this 
case, the optimization procedure adjusts the log ICs of CoL,’ 
to minimize the difference between the experimentalvalue 
for total Co(I1) inside the dialysis tubing (i.e., E) and the 
calculated -value - for total Co(I1) inside the dialysis tubing 
(Le., [Co’+] + X[CoL,+]). This procedure can be restated: 
minimize the weighted sum of squares of the values of 
Yc, calculated at each serial data point, where 
-
- 
TABLE 5 
FlTEQL Stoichiomtty Matrix for Co(ll)-MA 
InterectioP 
Kc - Kc - 
name ’? HL, H4 Na+ coz’ Co2+ H+ K N ~  (11 (21 
HL1 0 . 0 0 1  0 0 0 0 0 0 0  0 0 
HL2 0 . 0 0 0  1 0  0 0 0 0 0  0 0 
Na+ 0 . 0 0 0  0 1 0 0 0 0 0  0 0 
0 . 0 0 0  0 0 1 1 0 0 0  0 0 
co2- 
CoZ+ 0.00 0 0 0 0 1 0 0 0 0 0 
H+ 0 . 0 0 0  0 0 0 0 1 0 0  0 0 
Lq- -4.00 1 0 0 0 0 -1 -2 0 0 0 
L2- -6.00 0 1 0 0 0 -1 -2 0 0 0 
-
NaLi -4.00 1 0 1 0 0 -1 0 1 0 0 
NaL2 -6.00 0 1 1 0 0 -1 0 1 0 0 
-4.00 1 0 0 1 1 -1 2 0 1 0 
-6.00 0 1 0 1 1 -1 2 0 0 1 
OH- -14.0 0 0 0 0 0 -1 -2 0 0 0 
-
COL,+ 
coL,- 
-
a For simplicity, LHA has been represented here by two acid groups; 
in the actual model, four acid groups were used (pKs = 4,6,8, and 10). 
Used to incorporate activity coefficient in mass action equations; the 
value log y is the loglo of the activity coefficient for a singly charged 
ion. See ref 30 for details. 
TABLE 6 
Summary of FITEOL Model for Co(ll)-LHA Chemistry 
(Figure 2)a 
adjustable components 
ID type parameters’ serial data 
H L i  I log K c o ( 2 )  THL(I? 
log KCo(3) - H Lz I 
TCOC 
H L3 I 
H L4 I CCod 
Naf I log cHe 
II log v‘ coz+ 
co2+ Ill 
H+ Ill 
Y 111 
h a  111 
Kco(1)  1 1 1  
Kco(2)  1 1 1  
KCo(3) 111 
KCo(4) 111 
TNa 
- 
E Parameters values are reported in Table 2, and the stoichiometry 
matrix is in Table 5. During fitting procedure, contributions of COLI 
and CoL, were found to be negligible. Thus, log KcJl) and log KcO(4) 
weresetto -12.00toeliminatethesespeciesfrom consideration. CTotal 
concentration of Co(ll) inside of the dialysis tubing. Tree concentration 
of Co2+, Le., the concentration of Co(ll) outside of the dialysis tubing. 
a Log free concentration of hydrogen ion, determined from measured 
pH via the Davies equation (30). Used to incorporate activitycoefficient 
in mass action equations; the value log y is the loglo of the activity 
coefficient for a singly charged ion. See ref 30 for details. 
This concept is incorporated in the FITEQL stoichiometry 
matrix for this problem, shown in Table 5. As a final point 
of information, the type ZIZcomponent Co2+ represents the 
free concentration of Co”, both inside and outside the 
dialysis tubing; the numerical value of the free concentration 
is equal to the analytical value of total Co(I1) outside the 
tubing, since complexation of Co2+ by OH- is insignificant 
at the pH values of these experiments. 
The formation constants for CoLi‘ were set up as type 
I11 components (similar to K N ~  in the acid-base model) to 
represent the binding constants of Co2+ to the deprotonated 
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sites: 
co2+ + Li+ = COL, &(z] 
This formulationwith&&] as atype I11 component allows 
the CoflI) binding constant to be uncoupled from the acidity 
constant of the LHA, as shown in Table 5. 
In Table 6, we summarize the specification of the 
model all components, the list of all adjustable parameters 
in the model, and the experimental quantities which are 
entered as “serial data.” 
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